Abstract Percentiles 10th, 25th, 50th, 75th and 90th are presented for circulating white blood cells (WBC), neutrophils, lymphocytes, monocytes, eosinophils and basophils in healthy European adolescents (12.5-17.5 years, n=405, 48.9 % boys), considering age, sex, puberty and body mass index (BMI 
What is known:
• Reference values for white blood cell counts and immunophenotyping of lymphocyte subsets can constitute useful clinical tools and health indicators in both adult and paediatric populations.
• Immune cell counts vary between childhood and adulthood.
What is new:
• Age and female sex were associated with higher WBC, neutrophil and T memory cell values.
• Pubertal maturation was associated,with lower WBC and lymphocytes in boys and higher T memory cell counts in girls, while BMI was associated with higher WBC, mainly due to greater lymphocyte counts in boys, and to neutrophil and T memory cell counts in girls.
Introduction
Total white blood cell (WBC) counts and the evaluation of the different subtypes of white blood cells are useful clinical indicators and are frequently used as diagnostic tools for adults as well as for children. Besides providing information on acute inflammatory and infectious states, the immunological status serves as an indicator of many other pathological processes, and immune markers are becoming increasingly used to study alterations other than infections-for example, as early as in the 1970s, Friedman and colleagues reported an association between WBC count and myocardial infarction [1] . Immune status is closely related to overall and nutritional health [2] , and during the last decade WBC count has been related to different metabolic alterations, such as impaired glucose tolerance, type 2 diabetes mellitus, obesity, or the metabolic syndrome, and this has been observed in adults [3, 4] as well as in children and adolescents [5, 6] . The analysis of lymphocyte subsets by flow cytometry (known as immunophenotyping) is an ever more widely used tool not only for assessing health status but also specifically in nutritional evaluation, and helps identify subjects at risk of disease. Adequate and reliable reference values from healthy populations become a key point in the clinical use of any biological parameter. Variations can occur as a consequence of physiological, ethnic or environmental factors; therefore, normative values should be specific for a given population group. For example, childhood and adolescence are growth periods in which all the systems in the body are developing physically and functionally. The immune system itself experiences a series of modifications from birth until adulthood; during childhood and adolescence the immune cells vary in both their number and functionality [7] [8] [9] [10] [11] [12] [13] [14] [15] . Therefore, normative values for immune cells obtained from adult populations can be misleading when applied to children and adolescents. In addition, sex-related and even ethnicity-related variations in the values of circulating immune cells have been acknowledged [7, 13, [15] [16] [17] [18] [19] [20] , highlighting the importance of providing reference values for specific population groups and geographical areas. However, information about WBC counts and specific lymphocyte subsets on healthy adolescents is still scarce [7, 9, 11, [13] [14] [15] , as most available data belong to populations with particular immune-related diseases, or the studies, although useful and informative, have usually been conducted on relatively modest sample sizes for this particular age group.
The present study aims to provide normative ranges for total and differential WBC counts and for selected lymphocyte subsets in a representative sample of healthy European adolescents, attending to variations due to sex, age, degree of pubertal maturation, and body mass index.
Methods

Study design and sample selection
A European multicenter cross-sectional study (CSS) was performed with the objective of assessing a Bhealthy lifestyle in Europe by nutrition in adolescence^(HELE-NA). The HELENA-CSS aimed to obtain reliable and comparable data on nutrition and other health indicators such as physical activity and fitness, body composition, cardiovascular disease risk factors, vitamin and mineral status, and immunological and genetic markers in European adolescents [21] . The methodology used in this study has been published elsewhere [22] . The study was performed according to the ethical guidelines of the Edinburgh revision of the 1964 Declaration of Helsinki (2000), the International Conferences on Harmonization for Good Clinical Practice and the legislation on clinical research from each of the participating countries. The protocol was approved by the Research Ethics Committees of the participating centres. Written informed consent was obtained from the parents of the adolescents and from the adolescents themselves [23] .
Briefly, subjects aged 12.5-17.5 years were recruited randomly from schools in ten cities belonging to nine countries across Europe (Athens and Heraklion in Greece, Dortmund in Germany, Ghent in Belgium, Lille in France, Pècs in Hungary, Rome in Italy, Stockholm in Sweden, Vienna in Austria and Zaragoza in Spain). The total eligible HELENA-CSS population consisted of 3528 adolescents. Blood samples were obtained in one third of participants, resulting in a representative subpopulation of 1089 adolescents (approximately 100 boys and girls per city). The size of this subpopulation was previously calculated as sufficient to account for the expected variability in blood measurements.
Data exclusion
Those subjects with conditions that might interfere with or imply stimulation of normal immune function were excluded from the analysis. Exclusion criteria included: suffering from allergies, suffering from fever on the 24 h prior to blood sampling, having had a cold or any infection during the week prior to the day of blood sampling, having taken any medication in the previous 24 h or for more than 7 days in the previous 30 days, having taken any vitamin or mineral supplement during the previous month, and having been vaccinated in the 2 weeks prior to the day of blood sampling. After applying these exclusion criteria, the final study population consisted of 405 subjects (48.9 % boys).
Measurements of pubertal maturation and body mass index
Evaluation of the degree of pubertal maturation was assessed by a medical doctor, according to the Tanner and Whitehouse classification [24] . Anthropometric data were also collected following harmonized protocol procedures previously described [25] . Body mass index (BMI) was calculated as: body weight (kg)/[height (m)] 2 . Standardized BMI values (z scores) were calculated and the sample was classified according to quartiles of standardized BMI values.
Blood sampling and white blood cell profiling and immunophenotyping Venous blood samples were collected in EDTA Monovette (Sarstedt, Germany) tubes between 8:00 and 10:00 a.m. after a 12-h overnight fast. WBC counts and percentages were determined in each participating city with automated blood cell counters. For immunophenotyping of lymphocyte subsets, blood samples were collected in EDTA-K3E Vacutainer (BD Biosciences) tubes. Blood aliquots were taken into 1.5-ml plastic tubes and diluted 1:1 with Cytochex™ Reagent (Streck Laboratories, Omaha, NE, USA). The samples were all sent to the CSIC group laboratory (Madrid, Spain) within 7 days from collection. The methodology for WBC determination and for collection, preparation and shipping of the blood samples to Madrid was standardized amongst all participating cities [26] . + 56/CD45/ CD19. After lysis of red blood cells, lymphocytes were analysed by flow cytometry (FACScan Plus Dual Laser, Becton Dickinson Sunnyvale, CA). The lympho-gate was defined on the forward and side scatter patterns of lymphocytes. The analysis protocol gated on lymphocytes stained with PerCP and/or APC and the selected population was then analysed with the two remaining colours (FITC and PE) to obtain percentages of cell expressing the specific antigens.
Percentages of the following lymphocyte subsets were obtained: total mature T cells (CD45 + ratios were also calculated.
Statistical analysis
All the analyses conducted on the HELENA-CSS data were adjusted by a weighing factor to balance the studied population according to the age and sex distribution of the theoretical sample. Adolescents were grouped into four age categories: 12.5-13.9 years (from 12.5 years to the day before the 14th birthday), 14-14.9 years (from the 14th birthday to the day before the 15th birthday), 15-15.9 years (from the 15th birthday to the day before the 16th birthday), and 16-17.5 years (from the 16th birthday to 17.5 years). The Chi-squared (Χ 2 ) test was used to compare frequencies of sex, age categories and Tanner stages between the studied and the excluded groups, as well as to compare frequencies of age categories and Tanner stages between sexes.
Absolute counts and percentages of cells are presented as percentiles 10th, 25th, 50th (median), 75th and 90th for description of the population classified by sex and age. Data were then studied according to sex, age, Tanner stage and standardized BMI categories. Normality of variables was checked by the Kolmogorov-Smirnov test, and those not normally distributed were appropriately transformed when necessary.
Differences between sexes were analysed with the Mann-Whitney U test. Subsequent tests to assess the influence of age, pubertal maturation and BMI were conducted separately in boys and girls. Associations between cell values and age and between cell values and BMI were assessed with Pearson partial correlation test, controlling for city of origin (centre). Differences in cell values between Tanner stages and BMI categories were assessed by analysis of covariance (ANCOVA), adjusting for centre (and age when comparing Tanner stages). Due to the small number of individuals found within Tanner stages I and II, these two groups were combined to allow statistical analysis.
Statistical significance was set at P<0.05. All statistical analyses were performed with IBM® SPSS® Statistics v. 19 for Windows.
Results
Characteristics of the population
There were no differences in the proportions of sexes between included and excluded adolescents (48.9 vs. 45.5 % boys; Χ 2 =1.196, P=0.274). Similarly, no significant differences were found in the distributions of age categories (Χ 2 = 1.146, P = 0.766), Tanner stages (Χ 2 = 3.851, P = 0.278) or BMI categories (Χ 2 = 7.164, P = 0.067) between the adolescents included in the analysis and their excluded peers.
The average age of the studied population was 14.9± 1.2 years (range 12.5-17.4 years). There were significantly fewer adolescents between 16 and 17.5 years (22 %) than in the other age groups (Χ 2 = 16.392, P < 0.01). In relation to pubertal maturation, most of the adolescents (78.2 %) were found at either the IV or V Tanner stages, as could be expected according to the age range. Boys and girls were similar in age, Tanner 25th  1895  1757  1700  1918  1800  1691  1870  1846  50th  2200  2241  2040  2120  2100  2141  2140  1960   75th  2411  2561  2334  2283  2408  2535  2500  2488  90th  3106  2887  2768  2960  2663  3088  3003  2940  Monocytes  10th  295  300  330  300  0.074  324  280  350  280  0.092  25th  360  370  376  399  395  340  400  376   50th  420  461  445  460  440  430  500  510  75th  522  600  543  510  514  551  570  578   90th  700  769  648  620  700  743  714  610  Eosinophils  10th  80  80  40  60  −0.056  57  49  64  60  −0.074  25th  100  100  100  100  100  80  100  70   50th  119  160  140  135  137  130  125  110   75th  200  224  232  191  230  200  200  186  90th  300  400  455  310  424  255  334  280   Basophils  10th  0  0  0  0  0.029  0  1  0  0  0.090  25th  0  10  8  20  0  10  10  20  50th  20  20  20  30  20  30  30  20   75th  40  45  30  31  33  40  50  40   90th  79  92  64  60  58  76  100  50 Data are presented as percentiles 10th, 25th, 50th (median), 75th, and 90th. Significant differences between boys and girls for a given age category, as assessed by the Mann-Whitney U test, § P<0.05, § § P<0.01. R is the partial correlation coefficient between cell counts and age, controlling for centre; rows in italics indicate significant correlations,*P<0.05, **P<0.01 Influence of sex on immune cell counts and percentages
Statistical comparison between sexes showed that girls in general presented higher values for total WBC and neutrophil counts ( Table 1) . Percentages of neutrophils were also higher in girls, while those of lymphocytes, monocytes and eosinophils were greater in boys (Supplementary Table 1) . Table 2 shows the percentiles 10th, 25th, 50th (median), 75th and 90th of the absolute counts of the selected lymphocyte subsets, separately by sex and group of age. Percentiles of the lymphocyte subsets percentages can be found in Supplementary Table 2 ).
Influence of age on immune cell counts and percentages Total WBC and neutrophil counts increased with age in the total population (r=0.121, P=0.015 and r=0.153, P=0.003, respectively; and Table 1 ). Neutrophil percentages also increased with age, while the percentage of lymphocytes decreased, both in the total population (r = 0.167 and r = −0.173, respectively, P=0.001) and in boys (Supplementary Table 1) .
Age was also associated with increased counts of CD4 (Table 2) . In girls alone, older age was associated as well with (Table 2) . As a result, in both boys and girls, there was a trend to decreased percentages of naïve cells and increased of memory cells with age (Supplementary Table 2 ). Influence of pubertal maturation on immune cell counts and percentages
In boys, pubertal maturation (Tanner stage) was associated with lower WBC and lymphocyte counts, independently of age (Table 3) ; lymphocyte percentages were also lower in more developed Tanner stages (Supplementary Table 3 (Table 4) .
In girls, higher basophil counts ( + cell counts were higher in more advanced pubertal maturation stages (Table 4) .
Influence of BMI on immune cell counts and percentages
In boys, counts of total WBC, neutrophils and lymphocytes were higher with increasing BMI ( 50th  420  408  420  469  392  452  494  439  75th  540  540  521  510  702  570  570  526  90th  661  720  618  632  -735  671  627  Eosinophils  10th  85  54  50  69  0.922  51  61  60  74  0.206  25th  111  100  100  100  98  94  80  100  50th  164  150  130  130  130  158  110  140  75th  219  220  223  203  165  263  200  200  90th  428  426  311  358  -513  280 Table 6 ).
In girls, BMI showed a positive relationship with total WBC and neutrophil counts ( Table 6 ).
Discussion
The current study describes the immune cell profile of a representative sample of healthy European adolescents. Our results show that sex, age, pubertal maturation and BMI are factors that influence normal circulating counts and percentages of immune cells in adolescents.
There were significant sex-related differences in the percentages and absolute counts of immune cells in our population. In general, girls had higher total WBC, neutrophil and memory T cells values (in particular, CD3 + CD45RO
+ and CD4 + CD45RO + ), while boys had higher percentages of lymphocytes and eosinophils, and higher counts of naïve T cells (all three subsets, CD3 + CD45RA + , CD4 + CD45RA and CD8 + CD45RA + ). Similar trends for differences in WBC between sexes were observed in a previous study in Spanish adolescents, although the authors did not find statistical significance [27] . With regards to lymphocyte subsets, our observations are also in agreement with previous studies [7, 13, 15] . On the contrary, other authors have found no effect of sex on WBC counts [20] or lymphocyte subsets [14] in adolescents. The sex dimorphism in WBC counts and percentages supported by the present study is coherent with the differences in sex hormone levels, as suggested by Rudy and colleagues [25] . Sex dimorphism in WBC counts and percentages can be explained by differences in sex hormones, as suggested by Rudy and colleagues [13] . Sex hormones have been shown to modulate immune function at various levels, and a greater immune responsiveness has been observed in girls in general [28, 29] .
A trend was observed towards higher WBC counts with age, in agreement with the findings reported by Bartlett and colleagues [7] . In particular, neutrophil counts were elevated in older boys and girls in our study; this led to increasing percentages of this cell type and decreasing percentages of lymphocytes in boys, while no significant changes in cell percentages with age were observed in girls. In contrast, age was associated with decreasing values for B cells (CD19 + ) leading to a higher CD3 + /CD19
+ ratio, and with a significant shift towards lower naïve/memory cells ratios. Lower B cell numbers with age were also observed by Bartlett [7] . Likewise, the changes in naïve and memory T cells are in agreement with previous studies [11, 13] , and coherent with an age- related maturation process of the immune system [14] . Agesex interactions were observed: boys presented higher counts of naïve cells than girls, but the difference was ameliorated by age; in contrast, the counts of memory cells were higher in girls, and the gap increased with age. As a consequence, the changes in percentages of naïve and memory T cells, which were similar in both boys and girls, were the result of decreased naïve cell counts in boys, and of increased memory cell counts in girls. This difference between boys and girls could suggest a more mature or experienced immune system in the girls. As our adolescents were age-matched, the cause must be related to other parameters of growth rather than age, like pubertal maturation.
For that reason, pubertal maturation was considered for the analysis of immune cell profiles in our study. Similarly to age, the effect of pubertal maturation on WBC counts and percentages showed a distinct sex-related pattern. In boys, pubertal maturation was associated with lower WBC counts, lymphocyte counts and percentages; the decrease in lymphocyte counts was reflected in most subsets (CD3  + , CD4  + , CD8  + , CD19  + , CD3  + CD45RA  + ,  CD3 + CD45RO + , CD8 + CD45RA + and surprisingly, also CD4 + CD45RO + and CD8 + CD45RO + cells). This could be explained by the physiological increase in androgen levels, mainly testosterone, since studies in men have reported negative associations between testosterone levels and WBC counts [30, 31] . In girls, pubertal maturation 25th  100  100  100  100  90  95  81  100  50th  139  130  190  120  120  105  143  100  75th  209  190  277  180  200  200  220  200  90th  307  320  516  246  316  272  300 25th  10  10  10  10  11  10  10  0  50th  30  20  20  20  30  21  21  20  75th  50  30  40  30  47  35  50  40   90th  70  45  60  60  100  50  80  100 Data are presented as percentiles 10th, 25th, 50th (median), 75th, and 90th. Rows in italics indicate significant differences between quartiles of standardized body mass index values (BMI z scores), as assessed by analysis of covariance (ANCOVA), controlling for centre, P<0.05. R is the partial correlation coefficient between cell counts and BMI z-scores, controlling for centre, *P<0.05, **P<0.01 was associated with increases in basophil counts and percentages and higher memory T cell counts. The lack of other significant relationships between pubertal maturation and immune cell counts could be related to the fact that the degree of pubertal maturation of the female sample in this study was high, with 82 % of them being in the IV and V Tanner stages (in boys this proportion was lower, 73.7 %). Finally, BMI z-scores were also significantly associated with values of circulating immune cells in the studied population, and again the relationship was sex-specific. Higher BMI was in general associated with higher counts of total WBC and memory T cells (all three subsets in boys and CD3 + CD45RO
+ and CD4 + CD45RO + in girls). In boys, both neutrophils and lymphocytes were elevated, but the increase in lymphocytes was proportionally greater. In this line, in addition to memory cells, higher BMI z-scores in boys were also associated to elevated cell counts in most subsets (CD3 + , CD4 + ratio. In girls, BMI was mainly linked to counts of neutrophils and memory cells. Alterations in immune parameters have been associated with both insufficient and excessive body weight (reviewed in [32, 33] ). In adults, positive associations were reported between BMI and circulating WBC, neutrophils, lymphocytes, and monocytes [34] .
Later, other authors have found similar age-independent, positive associations between WBC counts and BMI in children and adolescents [6, 35] , in line with our observations. Furthermore, obesity in children and adolescents has been linked to elevated counts of neutrophils, monocytes, total T cells and helper T cells [36] . Our results, like those by Hsieh [35] and Wu [6] , show that this increase is not merely the result of obesity, but it takes place in a linear manner with increasing BMI. It is worth highlighting this correlation, as WBC count has been related to features of the metabolic syndrome in both adult [3, 37] and paediatric populations [5, 6, 35] , and a follow-up study in Japanese adults concluded that higher WBC counts were associated with higher risk of developing metabolic syndrome in the future [38] . The explanation for the relationship between BMI and memory T cells or its potential implications is less straightforward. On the one hand, it could suggest that increasing BMI provides a more favorable environment for immune system development, similarly to age and pubertal maturation. On the other hand, we could instead be facing similar outcomes with different origins, and BMIrelated changes could indicate abnormal or excessive activation of the immune system. This hypothesis would be supported by the relationships between circulating WBC and the metabolic syndrome mentioned above. However, the underlying processes linking nutritional status, BMI and immune In clinical practice to date, sex and age have been routinely taken into account for the establishment of normative ranges, since they constitute easy-to-obtain information. Other physiological features like pubertal maturation or BMI, however, are not frequently available or assessed when analysing blood variables. In light of ours and other authors' results, we recommend considering these characteristics when setting reference values for or performing blood measurements in paediatric populations.
Finally, two considerations should be made in relation to the present study. On the one hand, the number of subjects suitable for statistical analysis was not balanced in relation to the actual population size of each city. On the other, the sample studied included adolescents from different ethnic origins, and as it was mentioned above, ethnicity can be an influential factor for differences in WBC counts [7, 18, 20] . Despite these caveats, our work contributes to the development of a database of hematological reference values in healthy European adolescents. This is particularly strengthened by the use of standardized protocols and methods across all centres participating in the study.
In conclusion, the present work provides data on normal values for white blood cell counts and percentages from healthy European adolescents, and highlights the importance of taking into account the influence of sex, age, the degree of pubertal maturation and BMI when comparing or using white blood cell counts for clinical and research purposes in paediatric populations.
